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ABSTRACT The dynamics of the gramicidin-A dimer channel is studied in the harmonic approximation by a vibrational
analysis of the atomic motions relative to their equilibrium positions. The system is represented by an empirical
potential energy function, and all degrees of freedom (bonds lengths, bond angles, and torsional angles) are allowed to
vary. The thermal fluctuations in the backbone dihedral angles ¢ and ¥, atomic root mean square displacements, and
the correlations between the different amide planes are computed. It is found that only adjacent dihedral y; and ¢, , are
strongly correlated, while different hydrogen-bonded amide planes are only weakly correlated. Modes with relatively
low vibrational frequencies (75-175 cm™') make the dominant contributions to the carbonyl librations. The general
flexibility of the structure and the role of carbonyl librations in the ion transport mechanism are discussed.

I. INTRODUCTION

The gramicidin-A (GA) channel is the best characterized
ion selective transmembrane structure (1). Even though its
natural function may not be that of a transmembrane
channel, but rather as a cofactor in RNA synthesis (2),
GA has proved to be an extremely useful model system for
the study of the principles governing ion transport across
lipid membranes. The GA channel shows a nontrivial
selectivity among small monovalent
(Li* < Na* < K* < Cs*) and appears to be almost imper-
meable to anions (3). Unfortunately, due to its sensitivity
to the environment, there is still no high resolution x-ray
structure for the GA channel (4-6). The structure of the
channel has been investigated by numerous methods,
including circular dichroism (4, 7), infrared spectroscopy
(8,9), tryptophan fluorescence energy transfer (10),
chemical modifications and functional measurements (11),
neutron-diffraction (12), and nuclear magnetic resonance
(13-20). There is now considerable evidence that the
functional structure of the channel in the lipid membrane
is a head-to-head dimer, each monomer being a left-
handed (6.3 helix; this structure was first proposed by
Urry in 1971 (4, 7). Recently, Arseniev et al. (19) have
proposed that GA forms a head-to-head right-handed helix
dimer in sodium dodecyl-d,s sulfate micelles on the basis of
two-dimensional protons nuclear Overhauser effect data,
and it is in fact possible that the channel structure may
vary depending on the membrane environment. Most of
the conductance experiments have been performed with
glyceryl mono-oleate membranes and it is believed that the
left-handed helical structure occurs in this environment
(Urry, D. private communication).

In agreement with the available structural and ion
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permeability data, there have been a range of theoretical
studies concerned with the GA channel. Most early analy-
ses of ion permeability were based on Eyring-type rate
theory (13, 21). This approach has contributed signifi-
cantly to the characterization of the transition rates asso-
ciated with ion translocation and the free energy profile of
ions inside the channel. Also a number of approximate
microscopic models have been proposed for the essential
features of ion transport in gramicidin channels. There are
gramicidin-like models, in which the channel is represented
as a cylinder with certain charges or fixed carbonyl group
(21-31) and more detailed atomic models of the channel
(32-41). While the calculations of the ion transport prop-
erties have employed simplified models for computational
reasons (see reference 27 for a review), the detailed atomic
models have been used in an attempt to obtain a more
realistic picture of the system. Absolute rate theory for-
malism (23, 26), stochastic Brownian dynamics (25, 30),
molecular dynamics (23, 24, 31, 32), energy minimization
(28, 34-36, 39, 40), and Monte Carlo simulations (37, 38)
have all been applied to the GA channel. Most of the
calculations based on detailed atomic models used a rigid
or nearly rigid right-handed $6.3 helix with the structural
parameters proposed by Urry. Nevertheless, it is com-
monly believed that the fluctuations of the channel struc-
ture play an important role in the transport process. In fact,
carbonyl librations have been proposed as a mechanism to
help accomodate the presence of a cation in the channel
(42). The importance of the flexibility of the ethanolamine
end group (EAM) has also been stressed (36). Despite
their possible importance, the amplitudes and the time
scales involved in the fluctuations of the GA dimer have
not been fully quantified. Only the molecular dynamics
simulation of Mackay et al. (32) has dealt with all degrees
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of freedom, but the relatively short simulation time (5 ps)
does not allow a characterization of the low frequency
motions.

In this paper we investigate the fluctuations of the GA
dimer in the head-to-head conformation using a normal
mode analysis. In such an approach the fluctuations of the
atoms around their equilibrium positions are assumed to be
sufficiently small to permit approximation of the potential
energy as a sum of terms that are quadratic in the
Cartesian displacements. Although molecular dynamics
simulations have shown that the fluctuations of macro-
molecules have significant anharmonic contributions
(43, 44), a harmonic analysis can nevertheless provide
useful insights concerning the motional behavior and flexi-
bility (45, 46). It has the advantage relative to molecular
dynamics simulations in that it gives exact results, indepen-
dent of the time scales, for the assumed harmonic poten-
tial. In studies of proteins it has been noted that the
harmonic approximation gives a rather reliable picture of
the backbone dynamics, but that the side chain atoms tend
to be more anharmonic (44, 47). This is of importance here
since the ion channel of GA involves mainly the backbone
atoms, with the hydrophobic side chains extending into the
surrounding medium. A normal modes analysis related to
the $6.3 helical structure has been reported by Naik and
Krimm (8,9), but their calculations used a simplified
atomic model and approximated the molecule as an infinite
polyalanine-like helix. They also focused mainly on the
high frequency vibrational motions of the backbone atoms
(i.e., the various amide frequencies in the 1,500 cm™'
range) that are thought to be diagnostic for the nature of
the helical structure. Here our primary concern is with the
lower frequency modes that may couple to the ion and
water motions in the gramicidin channel.

Section II describes the structure of the gramicidin
channel and the methods used for energy minimization and
normal mode analysis. In section I1I we present the results.
Particular attention is focussed on the low frequency
motions and their contributions to atomic, carbonyl, and
amide plane fluctuations. A concluding discussion is given
in section IV.

II. METHOD

One monomer was built as an ideal 86.3 left-handed helix starting with
the dihedral angles provided by Urry (39) (see Table I); the side chains
were introduced in their extended configuration. The dimer was con-
structed by docking two monomers with the help of the molecular
graphics program HYDRA and the resulting structure was refined by
energy minimization. A special image algorithm preserving the symmetry
of the dimer was used during the energy minimization, but no helical
symmetry was imposed on the structure.

The force field used was that of CHARMM and has been described
elsewhere (48). The energy contains terms corresponding to internal
bonded interactions (bond stretching, angle bending, dihedral angle, and
improper dihedral angles potential terms), and external nonbonded
interactions (van der Waals and electrostatic terms). The model includes
all heavy atoms and all polar hydrogens that can be involved in H-bonds;
the remaining hydrogens were treated as part of the heavy atom to which
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TABLE 1
DIHEDRALS ANGLES OF THE MINIMIZED GA DIMER*

Residues? ¢ ¥ X1 Xz

L-Val-1 -109.59 122.56 —177.28

D-Gly-2 109.79 —110.90

L-Ala-3 —141.97 138.97

D-Leu-4 83.54 —131.95 -175.25 170.75
L-Ala-5 —130.89 129.33

D-Val-6 109.38 —146.08 172.87

L-Val-7 —120.57 116.29 —176.52

D-Val-8 123.67 —-122.03 —178.66

L-Trp-9 —129.41 135.10 —-165.72 94.11
D-Leu-10 90.67 —94.41 168.90 175.63
L-Trp-11 —146.46 135.54 171.82 58.81
D-Leu-12 80.05 -88.50 166.80 173.95
L-Trp-13 —147.22 138.29 174.92 61.54
D-Leu-14 80.24 —-96.57 170.50 172.04
L-Trp-15 —153.59 120.95 —147.55 98.39

*The starting values (Urry, 1983) were ¢ = —140.0, ¢ = +130.0 for
L-amino acids and ¢ = +100.0, y = —120.0 for p-amino acids; the side
chains were all built in the extended conformation (x, — 180°,
x; = 180°.

'The standard numbering is followed from the NH,- to the COOH-
terminal end; the mouth of the channel is at the COOH-terminal end and
the dimer contact at the NH,-terminal end.

they are attached (extended atom model). This leads to 157 particles in
each monomer. A distance-dependent dielectric constant was used to
approximate the shielding effects of the solvent, which was not included
explicitly (48, 58). The minimization was terminated when the average
rms force on a particle was <0.01 kcal/mol-A.

The symmetry of the system was exploited to calculate the second
derivative matrix of the potential energy of the minimized structure in
block diagonal form. This corresponds to writing the matrix on the basis
of symmetric and antisymmetric Cartesian displacements. The two blocks
are simply constructed from the second derivative matrix elements V,, ;,,
where indices Ip represent the ith Cartesian component of the pth
particle, and jg represent the jth Cartesian component of the gth particle.
Assuming the axis of symmetry is oriented along one of the Cartesian
axis, one can write that

Vipja = AV e (1.1)

and that

Viose = MV jor (1.2)
where the primed indices refer to the second monomer, and A, (A;) is + 1 if
the ith (jth) Cartesian component is oriented along symmetry axis, and
—1 otherwise. It follows that

VSYM

.1

ipjg = Vip.jq + A le'.jq
and

VANTip.jq = V-’p.jq - )‘ivip'.jq' (2.2)
Separate diagonalization of each of these symmetry blocs provided 471
symmetric and 471 antisymmetric normal modes. In this representation,
the zero-frequency mode for rotation around the symmetry axis and the
translational mode along the same axis appear in the symmetric set; the
four other zero-frequency modes appear in the antisymmetric set. All the
calculations were performed in mass-weighted Cartesian coordinates and
the matrix diagonalization was performed with the double precision

IMSL routine EIGRS.
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III. RESULTS

Features of Minimized Structure

After minimization, the structure of the monomers
deviated significantly from the ideal 86.3 helix. This is due
to the finiteness of the chain and the interactions between
the side chains. The final set of dihedral angles ¢-y is
shown in Table I. The alternating sequence of (—, +) for
L-amino acids and (+, —) for D-amino acids was con-
served, but there are important deviations from the initial
structure. The major changes are observed for residues 10
to 15, which affect the last helix turn at the mouth of the
channel. This deviation from the ideal structure was
caused by the formation of two 1-7 hydrogen bonds (49)
between L-Tryp 11-C=0O . . . - HN-L-Trp-13 and L-Trp
13-C=0. . - . NH-L-Trp 15. The average H- - - O
distance of hydrogen bond groups in the initial structure
was near 2.25 A; the final H bond distance is 1.9 A. That of
the 1-7 hydrogen H-bonds was ~3.4 A initially, and the
minimization resulted in a distance of 2.4 A. These distor-
tions are a direct consequence of the finiteness of the helix,
although they might be reduced somewhat by the presence
of solvent (49). No important change is observed in the
hydrogen bond network. The ethanol amine tail is doubly
hydrogen bonded to the helix (O hydroxyl - - . - HNL-
Trpy,, and H hydroxyl . - . . O=C L-Trp,,). The confor-
mation of many side chains are different from those
proposed previously (39); the most noticeable change
concerns the side chains of L-Trp, and L-Trp,;. This fact is
not surprising because the side chains are essentially
nonpolar and have considerable freedom to reorient with
respect to the helical backbone of the channel. Indeed,
many different side chains conformations could be found
with little effort. A complete enumeration of all the
possible side chains substates was not attempted. There are
no experimental data on the side chain conformation,
although the possibility of numerous low energy conforma-
tions has been proposed as an explanation for the many
conducting states found experimentally (42). It is likely
that the side chains are affected considerably by the
presence of the membrane. These questions can not be
addressed by a normal mode calculation restricted to one
particular minimized structure. For these reasons our
analysis focused mainly on the backbone fluctuations of
the structure. The structure before and after energy mini-
mization is shown in Fig. 1.

Normal Mode Analysis

The frequency spectrum of the calculated normal modes is
shown in Fig. 2. The general aspect of the spectrum is very
similar to those reported for proteins with analogous
potential energy functions (46, 50-52). There is a broad
shoulder between 50 and 200 cm ™', followed by a relatively
flat region of lower density of 200 to 500 cm™'. At higher
frequencies, the modes are dominated by independent

motions such as angle bending and bond stretching. There
are 120 modes in the region of the spectrum from 10 to 200
cm~', This number corresponds roughly to the 114 dihe-
dral degrees of freedom in the GA dimer. The general
features of the low-frequency normal mode spectrum of
GA corresponds to that expected from a general analysis
for polypeptide macromolecular systems (52).

Because the structure was not at an absolute minimum,
two negative modes were found, one symmetric and one
antisymmetric. They were local in character, and mainly
involved the first residue of each monomer in the head-
to-head region. An energy search along the lowest fre-
quency positive modes showed significant anharmonic
components only for the first few modes. The lowest
frequency mode (2.8 cm™') showed the strongest anhar-
monicity. Its true frequency as estimated from the energy
search was ~75 cm™'. This mode, which is localized in the
dihedral angles of residues L-Alas and D-Val was removed
from the fluctuations analysis. In subsequent analyses, the
spectrum was assumed to start with the second lowest
mode (4.6 cm™'). The 25 lowest symmetric and antisym-
metric modes are listed in Table I1.

Low Frequency Motion Analysis

The projection of the symmetric mode onto the antisym-
metric modes are shown in Fig 3 a; the nth symmetric
mode is projected on the nth antisymmetric and each
projection is averaged over the 10 nearest modes to
produce a smoother curve. An average overlap >0.8 is
found for the modes above 75 cm™'; for modes above 170
cm™!, the overlap is close to unity. Fig. 3 b shows the
frequencies of the symmetric and antisymmetric modes.
Again, they appear to differ significantly only below 75
cm™'. This suggests that collective modes involving inter-
actions between the two monomers are mostly at frequen-
cies below this cutoff.

The low frequency modes can be understood in terms of
a model based on continum mechanics (Elber, R., and M.
Karplus, unpublished results). For very low frequency
motions, one can picture the GA dimer as a short elastic
rod of length L. Such an elastic rod can have motions
characterized as torsion, bending, and stretching. The
equations of motions governing the motions of a elastic rod
in the simplest description are (55):

g a0
o )
with the boundary conditions at the ends,
o0
5= (4b)
bending:
b b
g = E (Sa)
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FIGURE 1 Stereo picture of the energy
minimized structure of Gramicidin-A.
(a) Energy-minimized structure with
the axis of symmetry coming out of the
page. (b) Energy minimized structure
looking down the channel. (c) Initial
structure looking down the channel.
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FIGURE 2 Normal modes frequencies. (a) Histogram of the number of
normal modes per 10 cm™' interval; the maximum density is equal to 18
modes and is found in the interval 50-60 cm~". (b) Cumulative distribu-
tion of the number of modes as a function of frequency.

with the boundary condition at ends,

@b &b
Fyc il Rl (5b)
stretching:
¥s s
@ = b? (68)
with the boundary condition at ends,
ds
Fyie (6b)

In Egs. (4-6), A4, B, and C are constants related to Young’s
modulus and the various moments of inertia of the elastic
rod (53), z is the coordinate along the helix axis, ¢ is the
time, 6(z, t) is the torsion angle around the helix axis,
b(z, t) is the bending displacement perpendicular to the
helix axis, and s(z, t) is the stretching displacement along
the axis.

TABLE 11
LOWEST FREQUENCY MODES AND THEIR SYMMETRY*

1 2.811 ANT 2 4.656 SYM

3 4.881 ANT 4 7.435 SYM

6 9.275 ANT 5 8.866 SYM

8 10.071 ANT 7 10.223 SYM
10 14.357 ANT 9 12.990 SYM
12 15.556 ANT 11 14.988 SYM
14 16.306 ANT 13 15.779 SYM
17 17.840 ANT 15 16.392 SYM
18 18.984 ANT 16 16.909 SYM
20 19.837 ANT 19 19.544 SYM
22 21.920 ANT 21 20.438 SYM
24 22.730 ANT 23 22.066 SYM
25 22.818 SYM

*All frequencies in cm™'.
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FIGURE 3 Comparison of the symmetric and the antisymmetric modes.
(a) Projection of the symmetric modes onto the antisymmetric modes as a
function of mode number. The projections are averaged over the ten
nearest modes to produce a smoother curve. (b) Frequencies of the
symmetric modes (solid line) and frequencies of the antisymmetric
modes (dash line).

All boundary conditions were applied at + L/2, where L
is the length of the GA dimer (chosen to be equal to 30 A).
For each of the three types of motions, the form of normal
modes of the elastic rod are determined completely by the
boundary conditions given by Eqs. 4b—6b, while the fre-
quencies are determined by both the boundary conditions
and the elastic constants 4, B, and C. Since we are
concerned with the relation of the form of displacements of
the elastic rod to the normal modes of GA, the actual value
of the constants in unimportant.

The solutions of these differential equations generate
three subsets of hypothetical atomic displacement vectors
corresponding to “ideal” collective motions such as torsions
(T;,;i = 1...), bending (B,,i = 1...), and stretching
(S;,i=1...); the T; are expressed in terms of 6(z), the B,
in terms of b(z), and the S, in terms of s(z). The fraction of
overlap between these subsets and the actual GA calcu-
lated normal models, v,, is given by the Euclidian inner
product with the mass-weighted normalized vectors.

T, = M'/*T, (7a)
B, - M'?B, (7b)
S; = M'*S, (7¢)
vi= My, (7d)

where M'/? is the square root of the diagonal mass matrix.
The normal modes obtained by solving the continum
elasticity equations are automatically orthogonal. This is
no longer true when they are used to generate the displace-
ments of a molecule consisting of discrete masses. To avoid
multiple counting of overlap in the inner product, the three
subsets of collective mass-weighted displacements were
separately orthogonalized by the Gram-Schmidt method.
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Also, since it is meaningless to include modes having a
wavelength shorter than the average interatomic distance,
only the first ten continuum modes in each of the three sets
were included. They correspond to motions having a
wavelength greater than or equal to the helix pitch, i.e.,
since the length of the dimer is ~30 A, and there are six
helix turns, the pitch equals ~5 A.

The total projection of the kth normal model, v, onto
these subspace is defined by

overlapy - (Z (T; - m’)m (8)

with similar expressions for the bending and the stretching
motions. The calculated projections are shown in Fig. 4. It
is clear that many low frequency modes can be identified
with those of the continuum theory. Collective torsion and
bending motions are found at frequencies lower than 30
cm™'. Very few low frequency modes are pure stretching
motions. The stretching modes are located at higher fre-
quencies because stretching of the helix has a relatively
large effective force constant due to the presence of
hydrogen bonds (45). Analysis of the fluctuations shows
that the length of the hydrogen bonds does not vary by
more than 0.1 A,

Other collective motions are expected between 30 and 75
cm~', as suggested by the comparison of the symmetric
and antisymmetric normal modes (Fig. 3). However, the
continuum elastic model is not valid for this frequency
range and so does not allow us to draw definitive conclu-
sions about their character.

Carbonyl Librations

The special features of the GA structure make the so-
called carbonyl librations a plausible mechanism for
shielding a positive ion from the low dielectric region of the
lipid membrane. The loss of hydration energy when waters
are stripped off as the ion enters the channel is assumed to
be compensated by a slight distorsion of the channel
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backbone that provides a favorable interaction of the ion
with some of the negatively charged carbonyl oxygens. For
this suggestion to be plausible, the energy required for a
libration must be sufficiently small that it is more than
compensated for by the interaction with the ion. The
libration mechanism of GA dimer has been discussed in
numerous papers (40, 42). Libration of a transpeptide unit
(amide plane between the consecutive amino acids) can be
described as an almost rigid rotation of the planes (C;, O,
N1, Hi,,) around the axis defined by the (Cf — C;) and
(N1 — Cf,1). A librational motion corresponds to a small
change in the dihedral angle y; to y; + &, that is associated
with an equal and opposite change of ¢, to ¢,,, — 8. Such
anticorrelated motion of transpeptide units have been
reported for other peptide helices (45). In this hypothetical
motion, all C* and side chain atoms remain more or less
fixed. However, since the bonds involved are not perfectly
colinear, the peptide plane libration requires some delocal-
ized motions of the main chain and of the side chains.

To detect and identify such librational motions in the set
of normal modes, we generated a subset of 32 hypothetical
libration displacement vectors (Lib,, i = 1, 32) consisting
of pure amide plane motions. The vectors involved were
determined by forcing carbonyl oxygen O, out of the amide
plane, followed by a short energy minimization of C;, N, ,,
and H,,,, during which all other atoms were kept fixed at
their original positions; in this way a libration that keeps
the amide group approximately planar is generated. The
degree of overlap between the subset of 32 amide plane
librations and the normal modes is the dot product of the
mass-weighted normalized libration vectors (M'/? is the
diagonal matrix of the square root of the masses),

L=M7"2L, 9.1
which satisfy the orthogonality condition
| 0 T 9.2)

The total projection of the kth normal mode, v;, onto the
subspace of librational motions is defined by

32 12
overlap, = (Z & v;‘)z) . (10)
i=1

The result of this calculation is shown in Fig. 5. There is a
broad band of modes between 75 and 175 cm ™' that have a
large overlap with the librational motions, although no
single mode has an overlap larger than 0.6. Above 200
cm~!, almost no pure librational modes exist (overlap <
0.2). Since 75 cm™! appears to be an upper bound for the
collective motions involving the whole dimer, the existence
of collective librational motions appears unlikely. This
point is considered further when amide plane correlations
are discussed.

The librations found here to be in the range 75-175
cm~! are at frequencies significantly lower than the values
commonly used in simplified models of the gramicidin-like
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channel. Fisher and co-workers (24-25) in their study of
the influence of channel “softness” on ion selectivity
assumed that carbony! librations were at frequencies
between 150 and 550 cm™'; Jordan and co-workers (29)
used values in the 200-500 cm™' range; Skerra and
Brickmann (31) chose 213 cm~'. Such numerical values
are more appropriate for the out-of-plane motion of the
oxygen, which is not the dominant mechanism for the
C=0 dipole reorientation. As shown here it is the lower
frequency amide plane librations that are important for
reorientation to the carbonyl groups. The fact that the
whole transpeptide unit, —NH—CO—, and not just the
C==0, is involved in the librational mechanism does not
seem to be fully recognized, though it is in accordance with
more general treatments of protein dynamics (43, 46).

Backbone Fluctuations

The root mean square (rms) fluctuations at temperature T
relative to the minimum energy position given by the
harmonic approximation are (45)

(AR;- AR)) - kT Y. (A, (11)
k Wi

where A, is the vector of the projection of the kth normal
mode, with frequency w;, on the Cartesian components of
the displacements vector of the ith atom, AR, In the
following results, the temperature is taken to be 300°K. To
compute the rms fluctuations of any internal coordinate
(e.g., a dihedral angle), a corresponding projection and
summation is used.

The rms displacements for all backbone atoms are
shown in Fig. 6. Only one monomer is shown, since the
other one is identical by symmetry. The average rms
fluctuation magnitudes are similar for all atoms types
(~0.5 A), with the values of the hydrogen and carbonyl
oxygen slightly larger than for the actual main chain
atoms. There seems to be a decrease in flexibility toward
the middle of the chain and an increase in flexibility at the
COOH-terminal end of the molecule and for all atoms,
except C?, at the junction of the two monomers. The larger
fluctuations at the junction were noted in a molecular
dynamics simulation (32). The fluctuations arise primarily
from modes below 75 cm™! (see Fig. 7, a—d) with the major
contributions coming from modes below 20 cm™' (see Fig.
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FIGURE 6 Root-mean-square (rms) fluctuations of the backbone atoms
of the GA dimer relative to their equilibrium position; atoms
(C, H, O, N, C) are included. Only one monomer is shown; the other one
is identical by symmetry.

7 e). Although the larger fluctuations at the ends of the
helix are expected, those around L-Alas, D-Valg are rather
surprising. From Fig. 7 b, they arise from the larger
contribution of the low frequency modes (as compared
with Fig. 7 ¢). This part of the chain is hydrogen-bonded to
the formyl group of the opposite monomer and could be
affected by the flexibility of this group. Also the carbonyl
might have large fluctuations due to the fact that the
associated NH interacts more weakly with its H-bonded
neighbor. The length of most hydrogen bonds do not vary
by more than 0.1 A; this is also the case for four of the six
hydrogen bonds in the head-to-head region (see Table III).
However, the length of the hydrogen bond between the
formyl oxygen and the hydrogen of D-Valg varies by 0.2 A.
To determine if this difference arises from the smaller
partial charge assigned to the carbon and oxygen of the
formyl group, we increased the carbonyl charge of the
formyl group from +0.36 to +0.55, the value used for
peptide carbonyls, and recomputed the frequencies assum-
ing that the normal modes displacements A;; are
unchanged to first order in the charge pertubation. The
perturbed frequencies were computed from the modified
second-derivative matrix V7 that is,

(o + Aw)? ~ \’,: AL VIA,. (12)

v

The net effect is extremely small, most frequencies chang-
ing by <0.5 cm~'. Some crossing of frequencies is
observed, due primarily to the fact that many frequencies
are nearly degenerate as a result of the dimer symmetry.
However, the frequencies below 75 cm™' remained vir-
tually unchanged. Since they constitute the major contri-
bution to the atomic fluctuations (Fig. 7), the latter should
not be affected by a change in the formyl partial charges.
Thus, it appears that the increase in flexibility at the dimer
contact region is caused by the covalent break in the
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structure of the 8 helix. The ellipsoid of fluctuation of six
carbonyl oxygens is shown in Fig. 8 a. It is clear that the
large flexibility of oxygens number 3-7 is anisotropic, and
oriented radially with regard to the helix axis.

An important feature of the GA dimer is its finite
length. At the mouth of the channel, the six last carbonyls
(D-Leu,, to L-Trp,s) are H-bonded only to one neighbor,
and three “bare” carbonyl oxygens are directly pointing
toward the outside of the channel (L-Trp,;, L-Trp,;, and
L-Trp,s), as is the hydroxyl group of the ethanol amine tail.
The ellipsoid of fluctuation of all backbone atoms at the
channel entrance is shown in Fig. 8 b. There is an increase
in rms fluctuations toward the end of the ethanolamine
tail.

Examination of the hydrogen bonds shows significant
variation in the length fluctuations (see Table III). The
ethanol amine tail-backbone H-bonds and those involving
the C,, rings show the largest fluctuations.
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(the major contribution arises from the modes below
. 20 ¢cm~! from ~20 low frequency modes).

Frequency, cm™

Dihedral Angle Fluctuations

The rms ¢-¢ backbone dihedral angles fluctuations are
shown in Fig. 9. The average rms angle fluctuation is ~10°,
and the largest values are found for ¢ of L-Alas and ¥ of
D-Val,, which is consistent with the above discussion. The
fluctuations of the L-amino and D-amino acids do not
appear to differ in any systematic way. This finding does
not support the conclusion of Venkatachalam and Urry
concerning the different role of the L-amino and D-amino
acids in the flexibility of GA (40); they suggested that the
librational motion of the 8-helix involved the simultaneous
libration of the all the L-carbonyl or all the D-carbonyl
moities. The correlation between the different carbonyls is
examined in more detail in the next section.

The rms of the x, and x, side-chain dihedral angle
fluctuations are ~10°; the fluctuation in ¥, is significantly
larger for L-Trp, and L-Trp,s (~ 20°).
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TABLE III
HYDROGEN BOND ANALYSIS

Length
rms
H-bonds Before After fluctuation
minimization minimization
Inter-monomer H-bonds
Formyl-O - . .

H-p-Val, 2.60 2.05 0.20
Gly,-O - . - H-D-Leu, 3.23 1.89 0.08
Gly,-H - - - O-D-Leu, 3.00 1.90 0.09

Intra-monomer H-bonds
Ala;-O - . .
H-p-Leu,, 2.64 1.92 0.09
Alay-H . . . O-p-Val, 2.24 293 0.11
Backbone-EAM H-bonds
EAM-O . - . H-Trpy, 4.45 2.06 0.16
EAM-OH . . .
O-Trpy, 3.86 2.18 0.29
C'"-like H-bonds
Trpe-O - - - H-Trpy, 3.43 2.45 0.43
Trp, O - - - H-Trpys 343 2.12 0.20
Trp,;0 « « « H-Trpys 3.43 2.39 0.47

Amide Planes Correlations

To determine whether different amide planes move inde-

pendently or in a concerted fashion, we consider the equal

time correlation factor for the fluctuations of the different
¥; dihedral angles, i.e.,

(ApAd;)
C(Ad, Ag)) = —(‘m

and similarly for the y;-y; and ¢-¢; pairs. Correlation
factors for certain dihedral angles are shown in Fig 10, a—.
The most striking result is that all ¥ angles of the ith

FIGURE 8 CHEMGRAEF ellipsoid of fluctuations of backbone atoms.
(a) Helix strand of six residues located in the middle of the monomer (C§
to C3); the fluctuations are significantly anisotropic. (b) Helix strand at
the channel mouth region (O,, to O, plus the OH hydroxyl of the
ethanolamine).
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residues are strongly anticorrelated with the ¢ angles of the
i+ 1th residues. This type of correlation has been reported
previously in normal mode (45) and molecular dynamics
(54) simulations and is indicative of librational motions of
the individual amide planes. However, there is no system-
atic trend in the set of correlation factors. In fact, correla-
tions are small except for structural neighbors that interact
due to the hydrogen-bonding pattern and helical conforma-
tion of the channel; a case in point is the correlation of Y
with ¥, and ¢, with .

To make these structural relations clearer, it is useful to
label the amide planes instead of the amino acids them-
selves; the relabeling is indicated in Table IV. In this
notation, the network of hydrogen bonds is represented by
a simple diagram (Fig. 11). As an example, we consider
amide plane 8 and its nearest neighbors (Fig. 12). One
would expect this amide plane to be correlated mostly with
7 and 9, through backbone interactions, and with 2 and 14,
through H-bonding interactions. Moreover, the structure
of the amide plane should generate anticorrelated libra-
tions among H-bonded units, i.e., when the carbonyl
oxygen of amide plane 8 moves toward the interior of the
channel, a favorable interaction with the hydrogen of
amide plane 14 can be retained only if the carbonyl of this
plane moves in the opposite direction toward the exterior of
the channel. Corresponding correlated motions are
expected for all the amide planes.

To test these qualitative arguments, we consider the
normalized correlation factor, C(i, j) between the ith and
Jjth carbonyls. C(i, j) is constructed by introducing CO;(¢)
the instantaneous unit vector associated with the orienta-
tion of the ith carbonyl at time ¢, i.e.,

Ro (1) — Re(1)

CO = TR — ROT’

(13)

where Rc(7) and Rq(?) are, respectively, the instantaneous
position of the ith carbonyl carbon and oxygen at time ¢. To
first order in the displacements ARq(#) and ARc(#) from
their equilibrium positions, we can write

. ARo(f) — ARc()
CO,(1) ~ COG(eq) +Pu[ Reto) ] (14)
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FIGURE 10 Dihedral angles correlations. (@) Dihedrals correlation of
the backbone connected neighbors. The ¥, ¢,,, correlation is very nearly
equal to —1.0; this is associated with the “librational motion™ of the
amide planes. (b) Correlation between dihedral angles associated with
amide plane 6 and those of other residues. (¢) Correlation of dihedral
angles associated with amide plane 9 and those of other residues.
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TABLE 1V
LABELING OF THE AMIDE PLANES*

Amide plane CO0 N,H
1 CHO L-Val
2 L-Val D-Gly
3 D-Gly L-Ala
4 L-Ala D-Leu
5 D-Leu L-Ala
6 L-Ala D-Val
7 D-Val L-Val
8 L-Val D-Val
9 D-Val L-Trp

10 L-Trp D-Leu
11 D-Leu L-Trp
12 L-Trp D-Leu
13 D-Leu L-Trp
14 L-Trp D-Leu
15 D-Leu L-Trp
16 L-Trp Eam

*The amide planes of the second monomer are labeled in the same way
from —1to —16.

where P,, is the projector onto a plane perpendicular to
CO,(eq) and Rco(eq) is the equilibrium distance between
C; and O,. The fluctuating part of the carbonyl unit vector
is then given by

ACO(t) = CO1) — CO(eq)
ARc(t)

_ AR (1) — y
_P“[ Reoeq) ] (1)

This vector was projected onto the cylindrical radial com-
ponent of the equilibrium position of the ith carbon C,. A
quantity @; can then be defined by

0 = ACO(?) - nc,, (16)

where nc, is the ith carbonyl radial unit vector perpendicu-
lar to the channel axis. This quantity is positive when the
nth carbonyl unit vector moves outward, and negative it
moves inward. The normalized correlation factor is then

_ (2:0)) a7
V(01 (2})
with the average in Eq. 17 calculated as a sum over all

modes k.
The factor C(i, j) is positive whenever two carbonyls i

CG, j)

! |
—115 -14 -13 -12 -11 -10

| ! FIGURE 11 Hydrogen bond
-9 -8 -7 -6 -5 -4
i | | 7-t----F---1- network pictured by the relabel-
-3 'ji‘ = }_ K |l |2 3 ing of the amide planes; vertical
I 5 6 ? 8 9 lines indicate the carbonyl oxy-
] ! ] | | 15 gen vectors.
l? 11 1 |2 13 1I4 1
18 '
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FIGURE 12 Detail of hydrogen bonded amide planes 2-8-14 as
described in the text.

and j move in a concerted fashion on the average (i.e., they
move inward or outward at the same time; C(i,j) is
negative if the motions of two carbonyls are anticorrelated.
The correlation matrix is shown as a contour plot diagram
in Fig. 13. Each amide plane can be seen to be correlated
only with its nearest neighbor in space. There is no
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FIGURE 13 Carbonyl dipole correlation matrix C(i, j) as defined by the
Eq. 17 in the text. Correlations of —0.2 or less are indicated with contour
spaced by 0.05.

significant correlation along the chain. Only anticorrela-
tion is found; most amide planes are anticorrelated with
only their first H-bonded neighbors. The flexibility of the
main chain dihedral angles, as well as other degrees of
freedom does not allow the transmission of the librational
state of an amide plane to its more distant neighbors.
Along the (i, i + 6) diagonal the correlation factor is
significant and negative (—0.2 to —0.4). Although the
correlation matrix illustrated in Fig. 13 appears to have the
qualitative features of a periodic structure, the (i, i + 6)
pattern is not always rigorously maintained. The most
negative element is C(5, 6) (—0.5). Correlations are also
found to be dominantly negative for C(i,i + 1) though
they are not systematic.

The present observations are not in accord with the
suggestion made by Venkatachalam and Urry about the
existence of long-range correlations between all L- or all
D-amino acids librations (40). For a given monomer the
carbonyl oxygens of hydrogen-bonded amide planes belong
to amino acid of the same chirality. However, their finding
of long-range correlations seems to be a spurious effect of
the method that they used to determine the librations. By
maintaining strict helical symmetry using the Go-Sheraga
helix condition (585, 56), they restricted themselves to such
correlated motions. In the fully flexible helical structure
considered here, the amide planes correlation is limited to
one helical turn. The present calculation was performed for
a GA in vacuum. Although the presence of water could
affect these correlations it is not clear that solvent provides
a direct mechanism for enhancing the correlation between
adjacent amide planes. Further studies are necessary to
clarify this point.

IV. DISCUSSION AND CONCLUSION

The normal mode analysis of GA performed here provides
starting point for the study of the flexibility of the channel.
Although it uses an approximation to the full potential and
solvent was neglected, the lack of error (given the model)
and ease of analysis makes normal mode results of consid-
erable interest. The present calculation demonstrates the
existence of low frequency amide-plane fluctuations, but
do not support the idea of spontaneous correlated carbonyl
librations. The rms displacement fluctuations of the car-
bonyl oxygen appear to be largest in the head-to-head
contact region; this result is caused by the break in the
covalent helix backbone. The present analysis does not rule
out the possibility that significant distortions are induced
by the presence of a cation inside the channel. However,
such deformations have more to do with the plasticity (ease
of deformation) of the GA channel than its elastic (or
vibrational) properties. Deformations were observed in a
molecular dynamics simulation when a cation was located
in the channel (32).

Since an empirical energy function was used in these
calculations and hydrogen bonding plays an important
structural role in the channel, it is of interest to examine
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their effects on the dynamics. The hydrogen bond interac-
tion function in the calculations was based on recent
accurate ab initio calculations (57). One might expect that
making the hydrogen bond weaker would increase car-
bonyl librations, whereas making them stronger should
have an opposite effect. To examine this possibility, we
decreased the H-bond interaction by changing the partial
charges assigned to all the carbonyl dipoles from + 0.55 to
+0.44. Using first order perturbation theory, we computed
the changes in the frequencies caused by this perturbation.
The results showed that most frequencies changed very
little and that frequencies below 75 cm™' remained vir-
tually unchanged. Since the low frequency modes are
dominant in the rms fluctuations, the present results
concerning the flexibility of the GA dimer appear to
depend only weakly on the strength of the hydrogen bonds.
This is in accord with earlier work on an a-helix (45) where
only the overall stretching modes were sensitive to the
strength of the hydrogen bonds.

The carbonyl—carbonyl correlation matrix shows that
most of the amide planes are only weakly correlated, and
that only hydrogen-bonded neighbors are significantly
anticorrelated. This observation, combined with the fact
that collective modes have frequencies below 75 cm™' and
that “carbonyl librations™ are located in the band going
between 75 to 175 cm ™! rule out the possibility of collective
librational motions extending along a significant portion of
the structure. The GA helix does not sustain such corre-
lated motions due to the inherent flexibility of the helical
structure. Again, we emphasize that these results apply to
the spontaneous vibrations of an empty GA, and do not
rule out the possibility of larger structural changes in
presence of an ion.

The present results for the gramicidin channel in vac-
uum and in the absence of ions make clear that it is a very
flexible system. Although GA does not sustain correlated
fluctuations, it is likely that distortions and changes in
dynamic properties due to the presence of ions, as modu-
lated by solvent, will play an important role in the perme-
ability. Full energy minimization of the channel in pres-
ence of a sodium ion indicates that important structural
changes do take place (Roux, B., and M. Karplus, unpub-
lished calculations). Macroscopic properties, such as the
channel length, as well as localized features, such as
carbonyl orientations, appear to be affected. Further,
perturbation calculations in the presence of a sodium ion
show that there are large changes in the vibrational
frequencies. Given the flexibility of the system, the use of a
rigid (33-38) or nearly rigid (23—-31) gramicidin channel is
not an appropriate approximation of the system. Future
work will be directed toward obtaining a deeper under-
standing of the role of flexibility in the properties of the
gramicidin channel.

This paper was supported in part by a grant from the National Science
Foundation.
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